Abstract-Gait disorders and their resultant adverse effects are a major health problem. The aim of this retrospective analysis was to explore the efficacy of a 5-week VR clinical service to improve gait and mobility in subjects with a history of falls, mobility or stability dysfunction. 60 subjects received 15 sessions (3/week) of progressive intensive treadmill training while negotiating virtual obstacles. Significant improvements were observed in performance-based measures and endurance after completing the program. Treadmill training with VR appear to be an effective clinical tool. As a combined approach, this training may lead to further improvements in cognitive and functional aspects.
INTRODUCTION
Gait disturbances are prevalent in aging and contribute to an increased risk of falls, reduced mobility and poor quality of life (Snijders et al. 2007 ), amounting to a major health problem. Impaired gait and increased fall risk are likely to stem from complex etiology and are frequent in numerous pathologies and neurodegenerative conditions. Approximately 30% of community-dwelling adults over the age of 65 fall at least once a year (Blake et al. 1988 ; Tinetti et al. 1988 ). In neurodegenerative disorders, falls are even more frequent with annual incidence rising to 60-80% (Tinetti, Speechley, & Ginter 1988; Wood et al. 2002) . The consequences of these falls may be severe, leading to institutionalization, loss of functional independence, disability, fear of falling, depression and social isolation (Rubenstein 2006 ).
Normal and safe mobility depends on intact sensory and motor systems, but there is a growing body of research that specifically links the cognitive sub-domains of attention and executive function (EF) with gait alterations and fall risk (Springer et al. 2006 ; Srygley et al. 2009; Yogev-Seligmann et al. 2008) . EF apparently plays a critical role in the regulation of gait especially under challenging conditions where decisions need to be made in real-time and constant adaptation is required to manage internal and external factors (Ble et al. 2005) . External factors can include, for example, obstacle crossing or attending to multiple tasks during walking. Both these tasks heavily rely on the availability of ample cognitive resources, due to the need for motor planning and visually dependent gait regulation (Brown et al. 2005; Sparrow et al. 2002) . The performance during more demanding daily activities, such as walking while performing a simultaneous task (i.e., dual or multi task) or obstacle negotiation, plays a key role in the safety and well-being of a variety of individuals with either motor, cognitive or mixed dysfunctions (Beauchet et al. 2005; Bloem et al. 2001a; Bloem et al. 2001b ;ShumwayCook and Woollacott 2000). Thus, we hypothesized that therapeutic interventions aimed to improve gait and decrease the risk of falls in the elderly should focus on combining motor-cognitive tasks during ambulation.
Previously we developed a virtual reality (VR) system that requires the subject to walk on a treadmill while negotiating virtual obstacles in an outdoor virtual environment (Mirelman et al. 2011a ). This VR system was designed to
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provide rich visual and auditory stimuli in an engaging taskoriented training aimed at improving both motor and cognitive abilities while the subject walks on a treadmill. The system used includes a set of two cameras placed on the sides of the treadmill and a computer generated simulation. The cameras collect the movement of the participant's feet while walking on the treadmill. These images are transferred in real-time into the computer simulation and projected to the participant on a large screen while training. This enables the subjects to see their feet walking within the VR simulation. The virtual environment (VE) consist of obstacles, different pathways, narrow corridors and distracters, requiring modulations of step amplitude in two planes (i.e., height and width) coordinated with walking behavior. The speed, orientation, size, frequency of appearance and shape of the targets can be manipulated according to individual needs following a standardized protocol. The VE also imposes a cognitive load requiring attention and response selection as well as processing of rich visual stimuli involving several perceptual processes while providing visual and auditory feedback of successful or unsuccessful task performance to enhance motor learning. Preliminary studies have shown that this type of training is useful for patients with Parkinson's disease (PD) (Mirelman, Maidan, Herman, Deutsch, Giladi, & Hausdorff 2011a) and for elderly idiopathic fallers (Mirelman et al. 2011b ). Recently we opened an ambulatory clinical service run by the physical therapy department at the Tel Aviv Sourasky Medical Center that uses the above system to provide intensive progressive training for individuals with a variety of gait impairments. Here we report on our experience in the VR clinical service for improving gait impairments and decreasing the risk of falls.
II. METHODS
The current retrospective data analysis reviewed the records of patients attending a gait rehabilitation program at the VR clinic in Tel-Aviv Sourasky Medical Center.
A. Participants
Seventy five participants (mean age 72.2 ± 10.3 years, 50.7% women) attended the gait rehabilitation program at the VR clinic. All participants were referred to the clinic by their physicians. Indications for referral included recurrent falls, fear of falling, complaints of gait instability or recent deterioration of gait, mainly but not exclusively due to neurological etiology.
Participants were eligible for the training program if they were 1) able to walk independently for at least 5 minutes with or without walking aids; 2) did not have any cardiac contra indication for moderate training intensity and 3) did not have severe visual loss that could interfere with their ability to see the VR simulation. Participants with dementia or diagnosed psychiatric disorders were not eligible for the training program.
B. Training
Subjects came to the clinic 3 times per week for the duration of 5 weeks and attended a total of 15 training sessions. Each session included 3 walking bouts with resting periods in between lasting approximately one hour per session.
1) The training system
During the training, patients walked on a treadmill with a safety harness that prevents falls but did not provide body weight support. Two light emitting diodes (LED's) were attached to the lateral side of the patients' shoes to allow for the gait movement to be captured by the two motion capture cameras situated on both sides of the treadmill (see Figure 1 ). This setting allowed transferring the movement of the subject's feet to a computer generated VR simulation. The VR simulation was projected on a screen in front of the treadmill.
2) The Virtual Simulation
The virtual environment (VE) simulates an obstacle course situated along different pathways in outdoor scenery. The various pathways differ in duration, number of intersections and challenging segments which include turns and walking on a bridge over a river.
The different virtual obstacles require negotiation in two planes 1) vertical, to increase step clearance and 2) horizontal, to increase step length (see Figure 2) . Difficulty levels were graded into 5 levels ranging from 'very easy' to 'very hard' which represent different parameters of obstacle size and frequency of appearance. Each obstacle is situated on one side of the road (i.e. on the left or the right side), requiring the participants to plan ahead, adapt their steps and select the correct negotiation strategy to avoid collision. The VE also presents a range of visibility parameters which include settings of different time of day (morning, noon, evening and night) and the addition of three grades of fog conditions. The visibility settings offer a cognitive load by interfering with the ability to see the road and obstacles ahead, which affects motor planning. Modifying different environments allows a diverse training while exercising multiple repetitions at a consistent motor load.
Feedback for obstacle negotiation was provided using immediate visual and auditory cues when passing over the obstacles. Knowledge of results was presented using cumulative scores of the number of collisions and number of points, referred to a successful pass over the hurdles with no collision or clearance overshoot.
3) Progression
The training parameters were gradually increased from week 1 to week 5. Motor load was increased by adapting the treadmill speed, prolonging walking duration and decreasing the participants' hand support on the treadmill bars while walking.
The VE parameters were progressed by presenting a wider range of obstacle sizes, increasing obstacle frequency of appearance, disrupting visual clarity and the addition of virtual distracters. Therefore, cognitive load progression was achieved by challenging sustained and divided attention, planning and reaction time.
C. Clinical Evaluation and Assessment
Prior to the training, all participants underwent a physical evaluation performed by an experienced physical therapist. A similar evaluation was performed during the last training session to assess training effects, motor function and risk of falls.
Assessment included the Timed Up and Go (TUG) test, which was used to evaluate functional mobility and dynamic balance abilities. An average score of 2 trials was calculated (Shumway-Cook et al. 2000). To determine endurance, we used the distance measured during the Two Minute Walk Test (2MWT) (Stewart et al. 1990 ). Subjects were asked to walk back and forth in a well-lit 30-meter corridor, at their comfortable speed for the duration of 2 minutes. Gait speed was evaluated using a stopwatch, over 10 meter increments of straight line walking during the 2MWT. A subset of patients was also assessed using the Four Step Square Test (FSST), which evaluates over-ground obstacle negotiation and reflects fall risk (Dite and Temple 2002).
Data Analysis
Data was examined for normalcy and descriptive statistics were extracted for all clinical measures. Data was compared across time (i.e., before vs. after the 5 weeks of training) using paired t-tests.
III. RESULTS
Data analysis included 60 participants, who completed the training program and had full records of clinical assessment obtained before and after the training. Subject characteristics are described in Table 1 . Figure 2 . Two different virtual obstacles were used. The puddles, shown in figure 2A , require the participants to increase their step length and maintain clearance. The hurdles, presented in figure 2B , require adaptation in the vertical plane and increase in step clearance.
The cohort was heterogeneous and included mainly patients with extrapyramidal disorders (i.e., Parkinson's disease), subjects post stroke, high level gait disorders and elderly idiopathic fallers. The frequency of different etiologies is presented in Figure 3 .
After completing 15 training sessions, participants reported high satisfaction from the training. Forty percent of the patients expressed their intention to attend additional maintenance training sessions, which are held once a week. Subjective anecdotal reports by the patients and by their caregivers often mentioned being able to "walk better", "pay more attention to hazards", "focus better" and "feeling safer while walking out". The training itself is highly engaging, presenting a challenge within a game context -which contributed to high motivation and to an impressive 95% patient's adherence to the program.
Average time to complete the TUG decreased by 10.3% from 15.33 ± 6.05 to 13.47 ± 4.85 seconds (p<0.001), indicating a significant reduction in fall risk. Significant improvement was also observed in endurance measured by an increase in the distance walked during the 2MWT (p<0.001), and in decreased time to complete the FSST (p=0.046). Table 2 presents the scores of the assessment measures. 
IV. CONCLUSIONS
After 5 weeks of intensive treadmill training with VR in a clinical setting, the participants exhibited improved mobility and a decreased risk of falls. The findings suggests that a progressive intensive VR gait training provided as a clinical service could be beneficial for enhancing gait in a variety of patients with gait instability.
Participants were highly motivated and adherence for the training was high as indicated by the minimal drop-out rate and the high motivation to continue the training. The training effects were transferred to over-ground walking speed and performance based measures. The improvement in the TUG and the FSST suggest a lower risk of falls and improved functional mobility. The training in VR differs from usual treadmill training, as it contains cognitive aspects of planning, constant adaptation and shifting attention under challenging motor conditions. The TUG and FSST present short yet complex tasks, demanding rapid changes in body alignment (i.e., turns or step direction) while maintaining balance. The improvement observed in these measures can also be attributed to an enhanced cognitive ability after the training. Unfortunately, we did not assess cognitive function or retention effects in this cohort. These have recently been added to the current clinical service protocol.
The VR gait training uses innovative technology that was investigated as a research tool and transitioned into a therapeutic tool. To our knowledge, this is the first report of a VR-based clinical service that is provided for the aging population and aimed at improving gait and decreasing fall risk. Its various adjustable features allows for extending the range of patients that can benefit from the training.
Our plan is to expand current clinical assessment before and after the training, instrument the physical evaluation and include cognitive measures. This might provide a better insight into the training affects, help provide more feedback to the patients and fine-tune the training program. In parallel, we are conducting a multi-center randomized controlled trial among more than 300 older adults to compare the effects of treadmill training with VR to treadmill training alone. The results of this trial should provide additional understanding into the neural plasticity of aging, and directly assess retention and the potential of using treadmill training to improve mobility and reduce fall frequency in a diverse group of older adults. 
